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Reductive evolutionMitochondria are present in all eukaryotes, but remodeling of their metabolic contribution has in some cases
left them almost unrecognizable and they are referred to as mitochondria-like organelles, hydrogenosomes
or, in the case where evolution has led to a great deal of simpliﬁcation, as mitosomes. Mitochondria rely
on the import of proteins encoded in the nucleus and the protein import machinery has been investigated
in detail in yeast: several sophisticated molecular machines act in concert to import substrate proteins across
the outer mitochondrial membrane and deliver them to a precise sub-mitochondrial compartment. Because
these machines are so sophisticated, it has been a major challenge to conceptualize the ﬁrst phase of their
evolution. Here we review recent studies on the protein import pathway in parasitic species that have mito-
somes: in the course of their evolution for highly specialized niches these parasites, particularly Cryptospo-
ridia and Microsporidia, have secondarily lost numerous protein functions, in accordance with the
evolution of their genomes towards a minimal size. Microsporidia are related to fungi, Cryptosporidia are api-
complexans and kin to the malaria parasite Plasmodium; and this great phylogenetic distance makes it re-
markable that Microsporidia and Cryptosporidia have independently evolved skeletal protein import
pathways that are almost identical. We suggest that the skeletal pathway reﬂects the protein import machin-
ery of the ﬁrst eukaryotes, and deﬁnes the essential roles of the core elements of the mitochondrial protein
import machinery. This article is part of a Special Issue entitled: Protein Import and Quality Control in Mito-
chondria and Plastids.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
One of the key characteristics of eukaryotic cells is mitochondria,
perhaps best known as the ‘energy factory’ of the cell. Mitochondria
are the remnant evidence of an ancient symbiotic relationship
between a host cell and an alpha-proteobacterial endosymbiont
[1,2]. For a long time, a group of unicellular eukaryotes referred
to as Archezoa [3] were thought to have split from all other eukaryotes
before this endosymbiotic event and to innately lack mitochondria.
The Archezoa comprised a range of organisms including Giardia,
Trichomonas, Entamoeba, and a group of obligate intracellular eukaryotes,
the Microsporidia. These organisms are however all highly reduced
eukaryotic parasites, whose strongly divergent sequences are known
to pose challenges in phylogenetic analyses. With the development
of more sophisticated phylogenetic methods, it was demonstratedImport and Quality Control in
try & Molecular Biology, Mon-
e 3800, Australia. Tel.: +61 3
rights reserved.that the Archezoa are not a monophyletic group: instead they are a
collection of very distantly related organisms, and their collective
placement at the root of the eukaryotic treewas amethodological artifact
[4–7]. Later studies could prove that these supposedly pre-mitochondrial
organisms not only encode homologs of mitochondrial proteins [8–11],
but that they harbor organelles with double membranes that proved to
be highly reduced mitochondria, which are now collectively referred to
as mitosomes [8,12–14].
All mitosomes share a common ancestry with mitochondria but
underwent extensive, independent secondary reduction [12,14–17],
leaving them unrecognized for a long time due to both their drastic
size reduction and the absence of characteristic mitochondrial cristae
(Fig. 1). Mitosomes are also shrunken with respect to their protein
content (Fig. 1, Table 1): they have lost almost all functions character-
istic of mitochondria, most notably the generation of energy either by
oxidative phosphorylation (mitochondria) or substrate-level phosphory-
lation (hydrogen-producing mitochondria called hydrogenosomes;
[4,18]), and all mitosomes known to date lack a mitochondrial genome
and the associated DNA replication, transcription and translation ma-
chinery. Mitosomes contain the proteins of the iron sulfur (Fe/S) cluster
biosynthesis known as the ISC machinery [14,19], with the generation
of Fe/S clusters being the only essential biosynthetic function in yeast
Yeast 
Entamoeba Cryptosporidium Giardia Microsporidia
Ye
as
t
(A) (B)
Gi
ard
ia
En
tam
oe
ba
Cr
yp
tos
po
rid
ium
Mi
cro
sp
ori
dia
200
400
600
800
700
500
300
100
snietorpfo
reb
muN
mitochondria mitosomes
mitosomes
mitochondria
1 µm
100 nm
Fig. 1. A drastic reduction in size and protein content of mitosomes. (A) Diagram represents the relative size of organelles as deﬁned by microscopy: 50×90 nm in Microsporidia
[12], 140×65 nm in Giardia [14], 150–300 nm diameter in Cryptosporidium ([89], shown with a 300 nm diameter), 150–500 nm diameter in Entamoeba ([15,90]; shown with a
500 nm diameter), in contrast to approximately 1 μm diameter in yeast and 1–7 μm in human mitochondria (not shown). Black scale bar, 1 μm; green scale bar, 100 nm. (B) A
graphical representation of the complexity of the organelle proteome reported in the literature, references are provided in the text. Detailed protein numbers are provided in
Table 1.
296 E. Heinz, T. Lithgow / Biochimica et Biophysica Acta 1833 (2013) 295–303mitochondria [20,21]. The location of Isc and other proteins in mito-
somes and in no other compartment of the cells demonstrates that
these proteins have to be targeted to and imported into mitosomes,
and it has become clear now that this import pathway is composed
of homologs of the proteins mediating protein import into mito-
chondria. Indeed, the observation that the protein import pathway
is conserved between mitosomes and mitochondria stands as impor-
tant evidence for the monophyletic origins of mitochondria and
mitosomes. In this review, we focus on four organisms which are
phylogenetically very distant, but are all unicellular parasites
whose genomes have undergone drastic reduction with respect to
their predicted proteome. All these organisms have reduced their
mitochondria to mitosomes, and their protein import machineries
represent a drastically simpliﬁed version of the well-described sys-
tems of known model organisms such as Saccharomyces cerevisiae
or Homo sapiens.
2. Microsporidia: a sister group to the fungi
Microsporidia are highly derived obligate intracellular organisms
whose genomes have been streamlined towards extreme forms of
reduction [22,23]. In terms of comparative cell biology and genome
evolution, Microsporidia are of great interest and signiﬁcance
because of their close relationship with fungi. They are a large group
of more than 1200 species with a wide host range and are known as
important pathogens infecting insects, ﬁsh and mammals includingTable 1
Mitosomes contain a highly reduced number of proteins compared to mitochondria.
The protein numbers are based on mass spectrometry experiments of puriﬁed organ-
elles for S. cerevisiae [93], G. lamblia [83] and E. histolytica [80]; and on numbers of pro-
teins predicted to be in the mitosomes based on the genome sequences for
Cryptosporidium [65] and the Microsporidia [30], where no mass spectrometry data
are available yet. The ﬁrst proteomic analysis for yeast was chosen to facilitate a com-
parison of equivalent data.
Number of proteins Based on prediction alone?
Yeast 750
Giardia 139
Entamoeba 95
Cryptosporidium 34 Yes
Microsporidia 22 Yeshumans. Microsporidia have been known for a long time to cause
economic loss in the silk industry, are of increasing economic
signiﬁcance in the ﬁshing industry, and are associated with honey
bee colony collapse disorder [24–26]. The number of reported
Microsporidia infections of humans increased drastically during the
AIDS epidemic, and there is now a growing awareness of infections
in humans in non-AIDS patients [27,28]. All Microsporidia described
so far have a complex life cycle where they alternate between two
life stages: the infectious, extracellular spore stage that is metaboli-
cally inactive, which, once a eukaryotic host cell has been invaded,
germinates into a metabolically active meront. After several rounds
of replication meronts sporulate and leave the host cell, and a new
infectious cycle begins [29].
The difﬁculty of purifying sufﬁcient Microsporidia DNA from co-
cultures with their host cells or directly from infected host organisms
has long hampered the analyses of Microsporidia genomes. However,
with the rise of new sequencing techniques, six (partial) Microspori-
dia genomes have been released in the last 10 years, and several new
species and strains are being investigated (the currently listed ongo-
ing genome sequencing projects at the NCBI BioProjects database
comprise 14 different Microsporidia species). The ﬁrst microsporidian
genome to be analyzed was that of Encephalitozoon cuniculi [30], an
opportunistic human pathogen that can also proliferate in a range of
other vertebrates, most predominantly in rabbits [30,31]. Encephalito-
zoon cuniculi (2.9 Mb) and its close relative Encephalitozoon intestina-
lis (2.3 Mb, [32]), are of high interest as they represent the smallest
eukaryotic genomes known to date. They both encode less than
2000 genes, and the drastic reduction can be observed not only by
the loss of genes, but also shortening of these in length and the loss
of targeting signals [30]. The following section will discuss the highly
reduced protein import machinery of Microsporidia, focusing on
Encephalitozoon cuniculi as the best-described organism, as well as
drawing comparisons with other Microsporidia species whose draft
genomes have been released. Microsporidia species differ widely in
various aspects including their host range, details of their life cycles,
and their genome sizes, but the number of conserved genes seems
to be relatively stable between the Encephalitozoon sp. and species
with larger genomes sequenced so far [33]: Nosema ceranae
(7.8 Mb, [34]), which infects honey bees and is suspected to contrib-
ute to bee colony collapse disorder; Antonospora locustae (5.3 Mb,
Antonospora locustae Genome Project, Marine Biological Laboratory
297E. Heinz, T. Lithgow / Biochimica et Biophysica Acta 1833 (2013) 295–303at Woods Hole, funded by NSF award number 0135272; [35]), which
infects grasshoppers; Enterocytozoon bieneusi (6 Mb, [36,37]), a path-
ogen of humans and other mammals; and Octosporea bayerii (24 Mb,
[38]), which infects Daphnia sp. As most of these genomes are shot-
gun sequencing projects and some cover only approximately half of
the estimated genome, no conclusions will be drawn on components
present in the highly reduced Encephalitozoon sp. but absent in other
Microsporidia.
One of the most drastic manifestations of reductive evolution in
Microsporidia is their mitosomes, which are among the smallest
known organelles to date [12]. Based on homologs to fungal proteins
of known function in mitochondria, the microsporidian mitosomes
are thought to perform only a single biosynthetic function, the gener-
ation of Fe/S clusters [19,30], with some species additionally encoding
an alternative oxidase to reoxidize reducing equivalents [39,40]. Al-
though no proteomic data of mitosomes puriﬁed from Microsporidia
is available yet, the location of proteins involved in Fe/S cluster bio-
synthesis and transporters supplying the therefore required ATP has
been demonstrated by microscopy [12,19,41].
One of the challenges of identifying putative mitosomal proteins
for Microsporidia as well as other parasites is the partial loss of
mitochondrial-type targeting signals [42,43]. This “loss” however is
not as big of a distinction as it seems: it is only approximately half
of the known mitochondrial protein precursors, in model organisms
such as yeast, that carry long targeting sequences which interfere
with protein folding and are therefore removed proteolytically after
the protein has been imported into the matrix. Some mitochondrial
proteins have short N-terminal sequences that are not processed
(e.g. Cpn10 in yeast and humans [44,45]) and many have no N-
terminal targeting sequence [46]. A short N-terminal targeting se-
quence can be detected in somemitosomal proteins, and they are cor-
rectly targeted to mitochondria when heterologously expressed in
yeast [40,43,47]; the absence of a mitochondrial processing peptidase
(MPP) in all Microsporidia can be explained by the relatively short
targeting signals. Due to the lack of a genetic system to manipulate
Microsporidia, it is unknown whether these sequences still carry in-
formation essential for their mitosomal targeting, or are simply rem-
nants of reductive evolution. As is the case in many mitochondrial
proteins, several mitosomal proteins have been identiﬁed with appar-
ently no N-terminal targeting signal [43]. This raises the question as
to how Microsporidia achieve speciﬁcity of protein targeting
[12,19,39,41,43,47], a question which is also poignant in mitochon-
drial protein targeting for those many proteins with ill-deﬁned “inter-
nal targeting signals” [46].3. The gatekeepers: Tom40, Tom70, and the cytosolic chaperones
Hsp70 and Hsp90
In yeast and other fungi, the mitochondrial protein import path-
way relies on at least 52 proteins to specify protein targeting to the
correct sub-compartment of mitochondria [46,48,49]. The entry
point for protein import is through the TOM (translocase of the
outer mitochondrial membrane) complex, which has at its heart a
translocation channel formed by the beta-barrel protein Tom40
[46,48,49]. In yeast, the TOM complex is formed from numerous pro-
tein subunits that serve to recognize and translocate a diverse array of
protein substrates. The protein import pathway has been best-
deﬁned in the model yeast Saccharomyces cerevisiae where three
clearly deﬁned protein import receptors collaborate to recognize the
diverse (~1000) proteins that need to be imported into mitochondria.
These receptors, Tom20, Tom70 (including the paralog Tom71 in
some yeasts) and Tom22 co-operatively bind the proteins [46,48,49]
and coordinate the transfer to the translocation pore Tom40. The dy-
namics inherent in this translocation reaction are enhanced by three
small proteins: Tom5, Tom6 and Tom7 [46,48,49].A study of the protein import machinery in E. cuniculi based on
comparisons with protein import components found in fungi
revealed that there are apparently only two components of the TOM
complex present: Tom40 and Tom70 [43,47]. Our recent survey of ge-
nomic data shows these two components (Fig. 2) are the only recog-
nizable components of the TOM complex in the other Microsporidia
genomes (Table 2). Unless Microsporidia have evolved import recep-
tors not found in fungi, protein recognition has been rationalized to
take place exclusively at recognition surfaces on Tom40 and Tom70.
Mitochondrial proteins are generally more hydrophobic than pro-
teins destined for other sub-cellular locations [50–52]. “Internal sig-
nals” for targeting to mitochondria can include the propensity not-
to-fold in the cytosol which is a reﬂection of this hydrophobicity. In
this “relatively unfolded state”, mitochondrial proteins are recognized
and bound by cytosolic chaperones (Hsp70 and/or Hsp90). This not
only prevents aggregation of the mitochondrial precursor proteins,
but as a consequence, also functions to sort mitochondrial and mito-
somal proteins to the import machinery [53]. The chaperones and
the bound, unfolded substrate polypeptide dock to Tom70 through a
dual interaction: (i) an interaction between a conserved C-terminal
EEVD motif on the chaperones and the clamp domain of Tom70
[53], and (ii) direct interaction of the substrate polypeptide with the
core and C-terminal domains of Tom70 [52,54]. All species of Micro-
sporidia analyzed so far have lost Tom20 and Tom22 and reduced
the TOM machinery to a single import recognition site, Tom70. This
reduction of the protein recognition to a single 'gatekeeper' might
have been made possible in Microsporidia through the reduction in
number of different substrate proteins required to be recognized
and imported.
Analysis of the E. cuniculi Tom70 sequence revealed a modiﬁcation
of the recognition site for cytoplasmic chaperones (in accordance
with the microsporidian cytoplasmic Hsp70 and Hsp90 lacking the
classical C-terminal EEVD-recognition motif); but overall there is a
conservation of all key structural features of the fungal Tom70: the
clamp-domain (binding the cytoplasmic chaperones Hsp70 and
Hsp90), the core domain (which binds unfolded substrate proteins),
the C-terminal domain which has conserved sequence features that
deﬁne the Tom70 protein family, and the N-terminal membrane an-
chor [47]. While the E. cuniculi Tom70 protein is reduced in length
relative to fungal Tom70s, the length reduction is mainly due to a
loss of linker regions between the conserved structural domains
[47]. The reduction of protein length is a common feature of Micro-
sporidia proteins [30], and can be observed for most components of
the protein import machinery (Table 3). While a reduction in size is
also seen in microsporidian Tom40 sequences, the minimization in
Tom40 size is mostly due to the loss of the N-terminal region in
Microsporidia, whereas the transmembrane beta-strand containing
regions are largely conserved.
4. Assembly of outer membrane proteins: building the gate
into mitosomes
After import through the TOM complex, beta-barrel proteins of
the outer membrane need to be assembled, a process mediated by
the SAM (sorting and assembly machinery) complex. The gene
encoding Sam50 is essential for cell viability in yeast, and Sam50 is
composed of two characteristic domains: an N-terminal POTRA do-
main and a C-terminal “bacterial surface antigen domain” which in-
corporates most or all of the transmembrane beta-strands that
anchor Sam50 in the outer membrane [55–57]. A homolog of Sam50
is present in all Microsporidia genomes, but is reduced substantially
in length. Analysis of multiple sequence alignments (Fig. 3) shows a
reduction in the region containing the N-terminal POTRA domain, as
well as a discrete part of the C-terminal beta-barrel domain. The re-
duction in the POTRA domain does not affect the most conserved re-
gions as described by Sanchez-Pulido [58], but probably removes
Yeast Microsporidia
TOM complex TOM complexSAM complex SAM complex
TIM23 complex TIM22 complex TIM22/23 complex
tiny TIMs
Fig. 2. The reduced protein import machinery of Microsporidia. The protein subunits present in the yeast S. cerevisiae and Microsporidia are shown in solid color, the proteins only
present in S. cerevisiae but lost in Microsporidia are shown in transparent color. In yeast, Mim1 and Mdm10 provide additional function in the insertion and assembly of outer mem-
brane proteins, and the recently described Sdh3 is shown as part of the TIM22 complex. The abbreviations stand for the individual components, e.g. protein 40 in the TOM complex
is Tom40; with exception of the TIM23 complex, where 16 and 18 represent proteins referred to as Pam16 and Pam18. The Tim17/22/23 are difﬁcult to distinguish on sequence
level [61], and the Microsporidia protein is therefore shown as “22/23”.
298 E. Heinz, T. Lithgow / Biochimica et Biophysica Acta 1833 (2013) 295–303linker segments between the important structural elements; it re-
mains to be seen whether the POTRA domain is still functional. Exper-
iments done in yeast showed that the POTRA domain is not essential
for Sam50 function, as a complete removal of the region did not inﬂu-
ence S. cerevisiae growth [59]; recent evidence suggests that the
POTRA domain adds to the efﬁciency with which beta-barrel proteins
are assembled into the outer membrane [60]. At the other end of
Sam50, the further deletion in the C-terminal part of the microspori-
dian Sam50 sequences suggests a loss of two transmembrane beta-
strands, leaving the Microsporidia Sam50 with only 14 predicted
transmembrane beta-strands, as opposed to the 16 predicted trans-
membrane beta-strands for ScSam50 from yeast (Fig. 3). It should
be noted however that prediction of beta-barrel transmembrane re-
gions is notoriously difﬁcult in eukaryotic protein sequences and
should therefore be interpreted with caution (Fig. 3).
5. One TIM complex to rule them all: Pam18, Tim17/Tim22/Tim23
and Tim50
The TIM23 and TIM22 complexes are translocases of the inner mi-
tochondrial membrane and drive protein transport through the inner
membrane, or into the plane of the inner membrane, respectively. The
complexes are related in the sense that the translocation channel sub-
units in each complex are members of the same Tim17/22/23 protein
family: Tim17 and Tim23 are found in the TIM23 complex, while
Tim22 is found in the TIM22 complex [46,48,49]. While the three pro-
teins in yeast have distinct functions, there is currently no method of
sequence analysis that can distinguish a Tim17 homolog from a
Tim23 homolog or a Tim22 homolog [61]. Analyses of Microsporidia
genome sequences revealed an apparently simple picture of homologs
to Tim50, Pam18 and a single member of the Tim17/22/23 family that
has been annotated as Tim22 [47], (Fig. 2). Microsporidia have also
lost any copies of the Sdh4/Tim18 family, as well as the Sdh3 succinate
dehydrogenase that was recently described to play a role in protein
import in S. cerevisiae [62]. This reduction resulting in known compo-
nents of the TIM machinery is conserved across the Microsporidia
based on currently available sequences. These proteins are also re-
duced in size compared to the S. cerevisiae homologs, but no obviousloss of functional domains could be observed. The presence of a single
member of the Tim17/Tim22/Tim23 family of proteins is striking: it
suggests that only a single TIM complex is present to drive both trans-
location through the inner mitosomal membrane and insertion of in-
tegral membrane proteins into the inner mitosomal membrane. This
apparent reduction to a single TIM complex might once again be the
reﬂection of the loss of diversity in proteins needed to be imported,
and a testament that the rates of protein import and sortingmay be re-
duced in Microsporidia compared to fungi.
Despite the drastic reduction from 25 proteins comprising the re-
spective complexes in yeast mitochondria, to only six homologs of
these proteins in E. cuniculi, the Microsporidia protein import system
accounts for protein recognition (Tom70) and import through the
outer membrane (Tom40), insertion into the outer membrane
(Sam50), transport through the inner membrane (Tim50, Tim22)
and translocation into the matrix (Pam18, mtHsp70), having reduced
complexes consisting of several components and different alternative
routes present in other organisms [46,48,49] to single proteins fulﬁll-
ing all functions required at the key steps for recognition, transmem-
brane transports and processing into the correct compartments
(Fig. 2). While one must keep in mind the prospect that other, per-
haps Microsporidia-speciﬁc, proteins might be at work in the mitoso-
mal protein import machinery, this seems highly unlikely to account
for the number of missing components especially given the extraordi-
nary tendency towards gene loss seen in Microsporidia.
6. Cryptosporidium: very different mitosomes, very
similar biogenesis
Cryptosporidium sp. are, like Microsporidia, eukaryotic parasites
with an intracellular lifestyle. This group, however, is not closely re-
lated to fungi but rather belongs to the Apicomplexa, a group of or-
ganisms that includes Plasmodium falciparum, the causative agent of
malaria. Cryptosporidium sp. comprise important human pathogens,
including C. hominis and C. parvum which cause gastroenteritis and
diarrhea worldwide [63].
Despite their large phylogenetic distance, genome analyses of dif-
ferent species of Cryptosporidium [64,65] demonstrated many
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Table 3
The protein import machinery components of E. cuniculi are reduced in length. A com-
parison of the amino acids of the respective homologs of S. cerevisiae and E. cuniculi
shows that all proteins have undergone, sometimes signiﬁcant, reduction in length; a
feature observed for E. cuniculi proteins in general [30].
E. cuniculi S. cerevisiae % reduction
Tom40 284 387 27
Tom70 477 617 23
Tim22 124 207 41
Tim50 309 476 36
Sam50 349 484 28
Pam18 118 168 30
mtHsp70 592 654 10
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extensive reduction of their metabolic potential, a common observa-
tion among (obligate) intracellular pathogens (including bacteria),
which the pathogens compensate for by stealing metabolites from
their host cells. One aspect of their reduced metabolic potential is
the loss of mitochondrial ATP generation in Cryptosporidium sp., and
no classical mitochondria could be identiﬁed. However, double
membrane-bound organelles were observed in Cryptosporidium sp.
and subsequently identiﬁed as mitosomes based on the location of
mitochondrial-type heat shock proteins to these organelles [17,66].
Components of the Isc machinery with N-terminal signaling se-
quences have also been identiﬁed and likely function in the mito-
somes [67–70]. The ﬁrst proteins of the protein import machinery
annotated in the genome analysis of C. parvum included Tom40,
Tim17, Tim44 as well as the α- and β-subunits of the MPP [64],
strongly indicating that mitosomal protein precursors have cleavable
N-terminal presequences. A second protein (XP_001388071.1) was
reported by Henriquez et al. as a potential member of the Tim17/
22/23 family [71], however the coding region for this open-reading
frame is equivalent to 9.1 kDa, the sequence does not conform to
the Pfam deﬁnition of this protein family, and the open-reading
frame was not detected as a member of the Tim17/22/23 family by
the HMMER search described by Alcock et al. [72]. One prospect is
that this is a pseudo-gene, a relic of one of the genes that formerly
encoded another member of the Tim17/22/23 family. Recent studies
have also identiﬁed homologs of Tim50, Pam18 and Sam50 [72]. In
total, Cryptosporidia have in their mitosomes almost exactly the
same reduced set of components as found in the microsporidian
mitosomal protein import machinery.
A unique feature of Cryptosporidium is seen in the tiny Tim pro-
teins; these small chaperones function in the intermembrane space
to sort the proteins from the TOM complex to the TIM22, TIM23 or
the SAM complex. These proteins have so far been reported to exclu-
sively act in heterohexamers, forming either a TIM8.13 or a TIM9.10
complex. However, in Cryptosporidium sp., only one small Tim protein
is present and forms less stable but functional homohexamers [72].
This is the ﬁrst and so far only case where a single small Tim protein
was identiﬁed in an organism, and likely represents an intermediate
form in the course of reductive evolution of the protein import ma-
chinery. Other organisms too may have evolved through a similar in-
termediate stage before the complete loss of the small Tim proteins,
such as is seen in Microsporidia. In comparison to the other parasites
analyzed in this study, Cryptosporidia still have the most complex set
of proteins necessary to import, including between 7 and 12members
of the mitochondrial carrier family of proteins (MCF; a classical sub-
strate of the small Tim proteins) [72]; as opposed to two MCF in Ent-
amoeba [73,74], either one MCF or none in Microsporidia [41,75] and
no MCF in Giardia [76].
In summary then, despite the absence of Tom70, the presence of
Tim44 and the unusual single “tiny Tim” protein, the reduction of
the protein import machinery in Cryptosporidium has resulted in
the same image as that of Microsporidia; leaving Tom40, Sam50,
Fig. 3. Alignment of Sam50 protein sequences. A comparison of Microsporidia Sam50 sequences with model organisms indicates a large deletion in the N-terminal POTRA region
(the blue bar indicates the S. cerevisiae POTRA domain), which has seemingly been reduced to the strongly conserved residues [58], as well as several deletions in the C-terminal
membrane-embedded region. The alignment was generated with Muscle [91], and secondary structure prediction was performed with Pred-TMBB [92] under the Viterby algo-
rithm, and predicted beta-sheets are indicated by red letters. The sequences shown are from the following species: ScSam50 (S. cerevisiae), EcSam50 (E. cuniculi), EiSam50 (E. instes-
tinalis), NcSam50 (N. ceranae). The inset ﬁgure summarizes the predicted domain structure of ScSam50.
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‘skeletal’ machinery for protein import observed in these organisms
(i.e. Microsporidia and Cryptosporidium) is sufﬁcient to drive the
steps of the protein import pathway, with the “additional” compo-
nents identiﬁed in yeast and other organisms likely enhancing the ca-
pacity and/or selectivity of the protein import reactions. The
observation of a very similar extent of reduction in only very distantly
related organisms strengthens the hypothesis that this skeletal ma-
chinery mediates only the essential features of the protein import
pathway, and that it informs us on key features of the nascent protein
import machinery as it appeared in the ﬁrst eukaryotes [67,77].
7. Diverse parasites, similar stories…
The reduction ofmitochondria tomitosomes has taken place several
times independently throughout eukaryotic evolution, and two other
well-studied organisms are Entamoeba histolytica (a member of theAmoebozoa) and Giardia lamblia (a member of the Diplomonadida).
Both these eukaryotes are parasites and important human pathogens,
and both have reduced their genomic as well as cellular complexity
[76,78]. The reduction of their mitochondria to mitosomes has again af-
fected not only the biosynthetic processes taking place inside the organ-
elles, but also the protein import machinery. The function of the
Entamoeba mitosomes has posed considerable challenges as it does
not contain the ISC machinery for Fe–S cluster biosynthesis — this pro-
cess is performed by a system acquired by lateral gene transfer, and the
proteins are located either in the cytoplasm or dually located in the cy-
toplasm and the mitosomes [79,80]. It is therefore unclear why Ent-
amoeba has retained its vestigial mitosomes.
The protein import machinery in Entamoeba illustrates an even
more drastic level of reduction than already observed in Cryptosporid-
ium sp. and Microsporidia [74]. While Tom40 and Sam50 are recog-
nized components of the outer membrane reactions in the protein
import pathway, how proteins are imported through or inserted
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can be identiﬁed [74]. It should be noted however that the Entamoeba
metabolism is highly inﬂuenced by lateral gene transfer [78], and it is
a possibility that Entamoeba mitosomes have also remodeled their
protein import machinery, potentially with new transport compo-
nents acquired by lateral gene transfer.
Giardia lamblia is one of the most widespread human pathogens
infecting the intestine and causing hundreds of thousands of cases
of diarrhea and malabsorption each year [81] and has been intensely
studied in terms of its unusual cell biology, cellular ultrastructure and
also through comparative genomics. The ﬁrst evidence for proteins of
mitochondrial origin in G. lamblia came from phylogenetic analyses,
which showed that Giardia proteins are phylogenetically related to
mitochondrial proteins derived from the bacterial symbiont [10,82].
A huge leap forward in the ﬁeld came in 2003 when the presence of
G. lamblia mitosomes was demonstrated by ﬂuorescence microscopy
and electron microscopy studies; G. lamblia mitosomes are highly re-
duced in size (140×65 nm; [14], Fig. 1), explaining why they had
been overlooked in previous studies. Despite their high reduction,
the function of mitosomes in G. lamblia is comparatively well-
understood; the presence of the Fe/S cluster biosynthesis machinery
has been demonstrated in Giardia mitosomes [14], and their highly
reduced protein composition predicted based on the genome was
conﬁrmed in a recent proteomic study of puriﬁed mitosomes [83].
Despite their apparently conserved function however, the protein im-
port system of Giardia mitosomes remains enigmatic, even though it
could be shown that there is considerable conservation in the target-
ing of proteins to Giardia mitosomes and Trichomonas hydrogeno-
somes and that Giardia encodes a reduced but functional homolog
of the MPP [42], several key components are either missing or so
highly divergent as to escape recognition by bioinformatics.
To understand the absence of apparently vital components of the
protein import machinery it should be noted that cases of extremely
high divergence and/or alternate evolutionary origins have been de-
scribed in some eukaryotic lineages. Trypanosomes, for example,
have robust mitochondria capable of oxidative phosphorylation but
with a single TIM and no TOM complex [84]. Recently, the discovery
of an archaic translocase of the outer mitochondrial membrane
(ATOM) in Trypanosoma brucei explained how protein translocation
is mediated across the outer membrane [85]. There is still debate
about whether or not ATOM shares a common ancestor with
Tom40. As most ﬁndings on parasite protein import machineries are
currently heavily (Giardia, Entamoeba, Cryptosporidium) or exclusive-
ly (Microsporidia) based on bioinformatics, the ATOM might be just
the tip of the iceberg of parasite proteins awaiting discovery, where
experimental data combined with bioinformatics will give us novel
insights into unusual solutions found to replace currently untraceable
components.
Despite the apparent absence of so many components, the identi-
ﬁcation of a homolog for Pam18 [42], Tom40 [86], mtHsp70 and
Pam16 [83,87] makes it clear that Giardia mitosomes have a
mitochondrial-type protein import machinery. The two key discrep-
ancies that make Giardia of great interest in terms of protein targeting
are that the current genome assembly contains no recognizable ho-
mologs for Sam50 or Tim17/Tim22/Tim23. An indication that there
might be more than meets the eye in Giardia comes from the puriﬁca-
tion of Tom40 from mitosomal outer membranes [86], where a
32 kDa protein interacting with Tom40 was co-puriﬁed. The calculat-
ed mass spectrum for the protein did not correspond to a result in the
Giardia genome sequence or the NCBI(nr) database, with one possible
explanation being that the gene encoding the 32 kDa protein - and
possibly others - might lie in a region of the Giardia genome that es-
caped sequencing due to DNA structural challenges. Beyond this pros-
pect, it remains important to consider that, given the high percentage
of hypothetical proteins of unknown function annotated in the ge-
nome, Giardia may have found functional replacements for theTom40-associated TOM subunits (Tom22 and Tom7) found in other
eukaryotes. With respect to the absence of the SAM complex at
least, there is the prospect that the single outer membrane beta-
barrel protein Tom40 might self-assemble, perhaps obviating the
need for Sam50 [88]. More work is required before a strong conclu-
sion can be drawn from this system.
The Giardia protein import machinery thereby appears to repre-
sent a most drastic form of reduction, having apparently even lost
the canonical SAM and TIM complexes. How this supremely distinct
pathway manages to function promises new insight into the funda-
mental aspects of the mitochondrial protein import pathway. We
should never lose sight of the importance of unique cases in biology
that can illuminate aspects of an otherwise highly complex, highly
evolved biological scenario.
8. Concluding remarks
Reductive evolution of mitochondria to mitosomes has taken place
several times independently of each other during evolution. The com-
mon denominator of the organisms with this drastic reduction is their
lifestyle; all organisms harboring mitosomes are single-celled, parasitic
eukaryotes. Despite the independency of this reduction all mitosomes
share the same (and only one) function of Fe/S cluster biosynthesis.
Their similarity is also reﬂected in the protein import machinery: de-
spite the organism's highly different origins, almost exactly the same
components have been retained as a core protein import machinery.
The mitochondrial protein import machinery is an intensely studied
machinery of integrated protein complexes, where great understanding
of the interactions and the numerous proteins involved has been gained
for model organisms. However, the highly reduced machineries found
in the mitosomes of eukaryotic parasites pose new challenges for our
understanding: how can these systems function despite the loss of pro-
teins (and in some cases whole complexes) that are essential in closely
related organisms with classical mitochondria?
When comparing the nature of the proteins absent in themitosomal
import systems, the main loss seems to have appeared in the ‘ﬁne-tun-
ing’, i.e. either having two sets of complexes performing similar, but
speciﬁed functions (e.g. the TIM22 and TIM23 complexes), or – and
here the biggest loss in terms of numbers has taken place – in the
small proteins, which do not perform an essential function in transport,
but rather aid the essential receptors and channels in their business of
substrate protein recognition, binding and sorting. A better understand-
ing of the protein import machinerymight not only help us understand
the extent of reduction a highly complex machinery can undergo, from
25 proteins in yeast to possibly only as few as six proteins in E. cuniculi
necessary to build the TOM, SAM, TIM22 and TIM23 complexes (Fig. 2),
but enable investigations of the critical, conserved features of the recog-
nition and translocation reactions for mitochondrial/mitosomal protein
import. The approximately 100-times reduced number of substrate pro-
teins which need to be imported into mitosomes, compared to classical
mitochondria (Fig. 1),might explain the high reduction of this elaborate
machinery and the loss of a lot of small ‘helper’ proteins (the small Tom
proteins, the tiny Tim chaperones)which in yeast and humans allow for
a much smoother and faster ride into mitochondria.
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